Abstract-Assessment of Zn phytoavailability can be predicted with routine soil extractants, but these methods generally do not perform well across a wide range of soils. The newly developed technique of diffuse gradients in thin films (DGT) has been employed to determine phytoavailable Cu concentrations, but its suitability for determining plant available Zn concentrations has not been evaluated. A greenhouse study was conducted to assess the phytotoxicity thresholds and the phytoavailability of Zn to sorghum-sudan (Sorghum vulgare var. sudanese) grass by DGT, compared with CaCl 2 extraction. A range of phytoavailable Zn concentrations was created by amending sand with ZnSO 4 or with two different Zn mine wastes. Plant nutrients were added as Hoagland solution. In general, increasing Zn concentrations in the sand mixtures increased Zn adsorption by DGT and decreased the sorghum-sudan yield. A critical value for 90% of the control yield was chosen as an indicator of Zn toxicity. Critical values of DGT Zn, CaCl 2 -extractable Zn, and plant tissue Zn were similar statistically across the three Zn sources. The performances of DGT and CaCl 2 extraction for assessing Zn phytoavailability were similar. Shoot and root Zn concentrations of sorghum-sudan grass exceeded 500 mg kg Ϫ1 for many treatments. Calcium-to-Zn ratios for shoots were Ͻ32, suggesting Zn phytotoxicity. The data suggested that Zn phytotoxicity can be induced with mine wastes, although further evaluation is needed to establish a link between mine waste and Zn phytotoxicity.
INTRODUCTION
Lead and Zn ores were mined extensively in the Tri-State Mining District, which includes portions of northeast Oklahoma, southwest Kansas, and southeast Missouri, USA. As a result of mining, millions of tons of mine waste, with high total Pb and Zn concentrations, were generated [1] .
Two mine wastes are smelter slag and chat. Chat has some characteristics, such as low organic matter, water-holding capacity, and nutrient content, that may limit plant growth. In addition to these physical and chemical properties, elevated concentration of metals in these mine wastes may cause metal phytotoxicity. Abdel-Saheb et al. [2] studied metal phytotoxicity in chat and speculated that excess Zn availability would cause phytotoxicity for grasses growing in chat. Veith and Norland [3] reported seedling mortality due to metal phytotoxicity in chat. Levy et al. [1] studied metal toxicity in the same region, however, and reported little indication of metal toxicity to big bluestem (Andropogon gerardii Vitman) and switchgrass (Panicum virgatum L.), based on root and shoot biomass production of plants growing in chat, compared with a noncontaminated medium.
Metal toxicity is related to bioavailability rather than the total concentration of metal in soil. The assessment of metal bioavailability is difficult because bioavailability is affected by many soil properties [4] . The most common parameters used to evaluate Zn phytotoxicity are yield decreases, plant Zn concentrations, Fe-induced chlorosis [5, 6] , Ca:Zn ratios in plant tissue [7] , batch extractions [8] , and diffuse gradients in thin films (DGT) [9] . Zinc availability in soils traditionally is evaluated by one of several extractants such as Morgan, Mehlich 1, Mehlich 3, solutions containing chelators (e.g., ethyl-* To whom correspondence may be addressed (gmp@ksu.edu).
enediamine tetra-acetic acid [EDTA] or diethylenetriamine penta-acetic acid [DTPA] ), and their modifications [5, 8] . The efficacy of these extractants is judged on the basis of the correlation between extracted Zn and Zn uptake by plants. These extractants have many criticisms, including the alteration of soil chemistry, extraction of a much larger pool of element compared with the plant available pool, being soil specific, and analysis limitations [10] . Using tobacco (Nicotiana tabacum L.), Mulchi et al. [11] determined that a strong relationship exists between Mehlich 3-extractable Zn and Cu and plant uptake of these metals. However, other reports indicated that a poor relationship exists between these extractants and plant uptake [12, 13] . It is believed that these extractants are very aggressive and extract more metals than are present in the plant-available pool. Van Erp et al. [14] and Houba et al. [15] used 0.01 M CaCl 2 as an extractant and determined that it was at least as effective as more aggressive extractants. McBride et al. [8] studied trace metal accumulation by red clover (Trifolium pratense L.) grown on soils amended with sewage sludge and the correlation to Mehlich 3-and 0.01 M CaCl 2 -extractable metals. They found that Mehlich 3 extracted large quantities of metals (Zn, Cd, Cu, and Ni) compared with the plant availability of these metals. They also reported that 0.01 M CaCl 2 extraction is preferable to Mehlich 3 as a universal soil extract. However, McBride et al. [8] reported that 0.01 M CaCl 2 extraction may not extract enough of some metals, such as Cd, Mo, and Pb, for current analysis techniques. This limitation can be overcome by using heated extractions (at 90-100ЊC).
Solution speciation, mobility, and the kinetics of exchange between the solid and solution phases are very important for assessing the bioavailability of metals. Separation of the solid phase from the solution phase will disrupt the physical and chemical equilibrium and will change metal speciation in solution. Unfortunately, most of the procedures employed disrupt the physical and chemical equilibrium; thus, soil solution obtained by any of these procedures cannot represent the true, unaltered solution. Therefore, in situ chemical speciation measurements in soil solution are needed to minimize any disturbance affecting the equilibrium between solid phase and solution phase. Resin bags, capsules, and membranes have been used to assess the bioavailability of plant nutrients and metals [16] , with the cations most often studied including Ca 2ϩ , Mg 2ϩ , K ϩ , , Cd 2ϩ , and Zn 2ϩ . Resin bags, capsules, and mem-ϩ NH 4 branes can be buried in soil to simulate metal or nutrient movement to plant roots. The true flux from soil to solution cannot be quantified, and the results from different laboratories cannot be compared because of the poorly defined geometry of the bags and the diffusion layer between the solution and resin [10] .
A new technique has been developed to provide in situ quantification of metal supply from the solid phase by using an ion sink with a well-defined geometry, and this technique is called diffuse gradients in thin films [17] .
Zhang et al. [10] studied in situ measurements of solution concentration and fluxes of trace metals in soil by using DGT. They used two different soils treated with sewage sludge, with and without metal amendments. They found that, for Zn and Cd, there were two separate pools associated with the solid phase. Zinc and Cd had higher resupply rate constants from the solid phase in untreated soils or from those with 100 m 3 ha Ϫ1 year Ϫ1 sludge treatments, compared with that of soils with 300 m 3 ha Ϫ1 year Ϫ1 sludge treatments. When comparing treated with untreated soils, the actual rate of resupply was higher in the treated soils because of the much higher concentration associated with the solid phase. They also reported that Cd and Zn concentrations measured by DGT had a good relationship with those measured in soil solution directly. The r 2 values were 0.95 for Cd and 0.88 for Zn.
Hooda et al. [18] also studied bioavailability of metals by DGT at different gravimetric soil moisture contents (0.27-1.1 kg kg Ϫ1 ). They measured the fluxes of Cd, Co, Cu, Ni, Pb, and Zn in sludge-treated soils. The results showed that, under a wide range of soil conditions (at 0.42 kg kg Ϫ1 and higher moisture content), DGT quantitatively can describe the fluxes of trace metals. They also studied the effect of deployment time by using DGT in a 1:1 soil:water mixture. Metal accumulation linearly increased with time for all trials. They also reported that, when DGT was deployed with an ion-permeable gel of 0.4 mm in saturated soil samples, metal accumulation was linear for 2 d, but decreased significantly for all metals except Co after 2 d.
Zhang et al. [9] conducted a study to evaluate the relationship between plant uptake of Cu and the effective soil Cu concentration by DGT (C E ), EDTA extraction, free Cu 2ϩ activity in the soil solution, and total Cu in the soil solution. They found that plant Cu concentrations had a linear relationship with C E (r 2 ϭ 0.95), whereas EDTA extraction, free Cu 2ϩ activity, or soil solution concentrations had more scattered and nonlinear relationships (r 2 ϭ 0.55, 0.67, and 0.85, respectively). No published studies have examined the utility of using DGT to assess Zn phytoavailability.
Our objectives were to assess the phytotoxicity thresholds and the phytoavailability of Zn to sorghum-sudan grass from three Zn sources by DGT compared with a CaCl 2 extraction.
MATERIALS AND METHODS

Growth medium
Pure sand amended with ZnSO 4 or two contaminated Zn mining materials was used to create different levels of Zn phytoavailability. White silica sand with particle size of Ͻ0.4 mm (Rich-Mix Products, Tulsa, OK, USA) was obtained from a local retail outlet. Reagent-grade ZnSO 4 was used as one Zn source. Contaminated mine waste materials (chat and Dearing) from two different locations in the Tri-State Mining Region were collected and used as the other two Zn sources. Chat is a byproduct of the initial processing of Zn/Pb ores and was collected near Galena, Kansas, USA. Dearing is a smelter waste and was collected from an abandoned smelter near the city of Dearing, Kansas, USA. These mine waste materials were sieved through a stainless steel 2-mm screen, air dried, and stored in plastic containers at room temperature. Total Pb, Cd, and Zn concentrations of these materials were determined by 4 M HNO 3 digestion and are presented in Table 1 .
Sand cultures were employed to simplify the determination of Zn phytotoxicity thresholds. The system avoids the complicating effect of varying levels of cation exchange capacity and clay content that would be inevitable if the Zn sources were mixed with soil. A sand culture system is the closest approximation possible to providing a growth medium where only the level and source of Zn varies.
Mineralogical analyses
The Ͻ250-m fractions of chat and Dearing materials were analyzed by using a Philips X-ray diffractometer (Philips Electronic Instruments, Mahwah, NJ, USA) as random powder mounts with Cu K ␣ radiation of 1.54050 Å wavelength at 35 kV and 20 mA. A continuous scanning technique from 2 to 66Њ2 was used for measurements.
Greenhouse study
Treatments were created by amending sand with ZnSO 4 or either of the mine spoil materials to create different amounts 936 Environ. Toxicol. Chem. 24, 2005 O. Sonmez and G.M. Pierzynski 4 dissolved in deionized water was added to silica sand at the desired rate of application, mixed well, and dried at 400ЊC in an oven. Soil samples were retained for analysis. The experimental design was a randomized complete block design with three replications.
Each pot was lined with a cellophane bag to avoid free drainage, and 1 kg of each treatment was then added. After the sand mixtures were added to the pots, P required for healthy plant growth was applied to each pot to supply 100 mg P kg Ϫ1 as KH 2 PO 4 and thoroughly mixed. Deionized water was used to adjust the gravimetric moisture content of each pot to 10%, and the sand mixtures were mixed again. After 24 h, sorghumsudan grass was planted at 30 seeds/pot. Sorghum-sudan grass was chosen for the greenhouse study because it produces high forage yield, grows well under greenhouse conditions, and has been proven to accumulate metals [5] . From emergence to harvest, each pot was watered daily with distilled water, and 100 ml Hoagland nutrient solution (15 Plants were harvested 35 d after planting, and plant materials were washed with deionized water to remove adhering soil particles. Plants (shoot and root) were then oven dried at 55ЊC and ground; 0.25 g of plant material was digested with concentrated sulfuric acid/30% hydrogen peroxide or nitric/ perchloric acid to determine Ca, K, Mg, P, Cu, Fe, Mn, and Zn concentrations and samples were analyzed by using inductively coupled plasma atomic emission spectrometer.
Samples of the sand mixtures were collected from at the time of planting. Samples of the sand mixtures were air dried and analyzed for pH in 1:1 soil:deionized water with a combination pH electrode. Soil samples were extracted in 1:1 soil:0.01 M CaCl 2 and deionized water and were analyzed for Zn by using inductively coupled plasma atomic emission spectrometer. Soil porosity was calculated by the method of Flint and Flint [19] . Soil texture was determined by using the hydrometer method by the Soil Testing and Plant Analysis Laboratory at Kansas State University (Manhattan, KS, USA).
Deployment and retrieval of DGT
The DGT device (DGT Research, Lancaster, UK) consists of a simple plastic base (2.5 cm diameter) and a plastic top ring that fits over the base, leaving a 2-cm diameter window. Consumable pieces consist of a 0.4-mm thick Chelex (BioRad Laboratories, Hercules, CA, USA) resin gel; 0.8-mm thick diffusive gel; and a 0.135-mm thick, 0.45-m pore size Millipore (Millipore, Bedford, MA, USA) cellulose nitrate membrane filter. The Chelex resin layer was placed on the DGT base with the side containing the resin facing outward. The resin was overlain by the diffusive layer, followed by the hydrogel and the filter. Metal ions diffuse through the filter and the diffusive gel layer and are retained by the Chelex resin gel.
Available Zn by DGT was determined from a 100-g sample of the sand mixtures collected at planting. The sample was weighed into a 120-ml plastic specimen container, and appropriate amounts of deionized water were added to obtain saturation. The DGT devices were placed on the surface of each soil slurry and were pushed gently into the surface without leaving any air bubbles between the DGT device and the solution. The specimen cups were covered loosely with lids to Zinc decrease evaporative losses. Specimen cups were kept at room temperature for 24 h. The DGT devices were then retrieved from each cup and rinsed with deionized water to remove soil particles adhering to the filter membrane. The Chelex resin gel was retrieved and placed in 20-ml vials containing 10 ml of 1 M HNO 3 for 24 h. The samples were analyzed for Zn using inductively coupled plasma atomic emission spectrometer.
Calculation of effective concentration from DGT measurement
The mass of Zn accumulated by the DGT devices was converted to effective concentration (C E ) according to the DGT Induced Fluxes in Sediments model [9] . The Induced Fluxes in Sediments is a numerical model for trace metal reaction and transport in sediments. The model takes into account the factors influencing response of the DGT devices. The input parameters for the model are the ratio (R) of DGT measured mass (C DGT ) to actual concentration (CЊ); response time, T c (10E9 s); distribution coefficient, K d (10E-9 cm 3 g Ϫ1 ); particle concentration, P C (4. 25 
Data analyses
Statistical analyses were performed with SAS for Windows version 6.12 (SAS, Cary, NC, USA). For mean separations, least significant difference values were used. Log transformations were made for the data presented in Table 2 and 3, except pH, because of nonhomogenous variances.
RESULTS AND DISCUSSION
Mineralogical analysis
Willemite (Zn 2 SiO 4 ) and sphalerite (ZnS) were found as common Zn minerals in Dearing and chat, respectively. Willemite exhibited peaks of 2.64, 2.84, 3.48, and 2.32 AЊ, whereas sphalerite exhibited peaks at 3.12, 1.91, and 1.63 AЊ [20] .
Environ. Toxicol. Chem. 24, 2005 O. Sonmez and G.M. Pierzynski Fig. 1 . Relative yield versus chat mine waste concentration in sand/ mine waste mixture. Bars within shoots (uppercase letters) or roots (lowercase letters) with the same letter are not significantly different using least significant differences at p ϭ 0.05. Fig. 3 . Relative yield versus Zn concentration in sand. Bars within shoots (uppercase letters) or roots (lowercase letters) with the same letter are not significantly different using least significant differences at p ϭ 0.05. Fig. 2 . Relative yield versus Dearing mine waste concentration in the sand/mine waste mixture. Bars within shoots (uppercase letters) or roots (lowercase letters) with the same letter are not significantly different using least significant differences at p ϭ 0.05. Table 2 ). The water-soluble Zn in the sand-mine waste mixtures was influenced statistically by treatments. All treatments statistically were different from the control. The 10 g kg Ϫ1 of chat had the highest water-soluble Zn concentration among the sand-chat mixtures, but it did not differ statistically from 20 g kg Ϫ1 of chat. Soil pH increased slightly as the amount of chat or smelter slag increased, which may explain the higher water-soluble Zn concentrations with small amounts of wastes, compared with samples with larger amounts. The 150 g kg Ϫ1 of smelter slag had the highest water-soluble Zn concentration among the sand-Dearing treatments. Water-soluble Zn concentrations increased in a linear fashion as the amount of Zn added as ZnSO 4 increased because ZnSO 4 is highly soluble in water. The 100 mg kg Ϫ1 of ZnSO 4 treatment had the highest water-soluble Zn concentration among all the treatments ( Table 2 ). The CaCl 2 -extractable Zn and C E in the mixtures were affected statistically by treatments (Table 2 ). In general, the CaCl 2 -extractable Zn and C E in mixtures increased as Zn concentrations increased in the mixtures.
Zn concentrations in soil and plants
The Zn concentrations in shoots ranged from 27 mg kg
Ϫ1
in the control to 1,055 mg kg Ϫ1 in chat mixtures, 1,057 mg kg Ϫ1 in Dearing mixtures, and 2,187 in the ZnSO 4 treatments. Root Zn concentration ranged from 91 mg kg Ϫ1 in the control to 3,244 mg kg Ϫ1 in chat, 3,113 mg kg Ϫ1 in Dearing, and 8,368 mg kg Ϫ1 in ZnSO 4 treatments (Table 3 ). In general, increasing mine waste percentages in mixtures increased Zn concentrations in shoots and roots. Increasing total Zn concentrations in media decreased shoot P concentrations (Table 4) . Shoot P concentrations in our study ranged from 1.3 to 16.6 g kg Ϫ1 . A critical P concentration in the shoots of sorghum-sudan grass for optimum yield was reported as 1.3 g kg Ϫ1 [21] . Therefore, our data do not suggest P deficiency. Others have reported that increasing amounts of applied Zn decreased shoot P concentration [22] . Boawn and Rasmussen [23] reported that plants suffering Zn phytotoxicity had reduced shoot P content.
Relative yields
Sorghum-sudan grass yields (shoot and root) were affected significantly by Zn concentration in amendments of sand-mine waste and sand-ZnSO 4 (Figs. 1-3 ). Shoot relative yields were not significantly different from control when comparing 0, 10, 20, 50, 75, or 150 g kg Ϫ1 of chat (Fig. 1) . However, relative yields at 150 g kg Ϫ1 chat were significantly lower than those of 10 to 75 g kg Ϫ1 chat. Root relative yields at 150 g kg Ϫ1 of chat were significantly lower than most other treatments but did not differ from 100 g kg Ϫ1 of chat. For Dearing mixtures, 150 g kg Ϫ1 of smelter slag had the lowest shoot relative yield, compared with other treatments, but this treatment did not significantly differ from 50 g kg
Ϫ1
, 75 g kg Ϫ1 , and 100 g kg
of Dearing smelter slag (Fig. 2) . Shoot yields of Dearing 10 g kg Ϫ1 and 20 g kg Ϫ1 were not significantly different from control. Root relative yields in Dearing smelter slag were not influenced statistically by the treatments. The addition of 50 and 100 mg Zn kg Ϫ1 as ZnSO 4 significantly reduced the shoot and root relative yields of sorghum-sudan grass. The lowest shoot and root relative yields were found with treatment 100 mg Zn kg Ϫ1 as ZnSO 4 . Treatments with 10 and 25 mg Zn kg
as ZnSO 4 did not significantly reduce shoot or root relative yields compared with control (Fig. 3) .
Assessment of Zn phytoavailability
Evidence of Zn phytotoxicity includes yield decreases, high plant Zn concentrations, Fe-induced chlorosis [5, 6] , and low Ca:Zn ratios in plant tissue [7] . Batch extractions [8] and DGT [9] can be used to predict the potential for Zn phytotoxicity in growth media.
Levy et al. [1] studied metal phytotoxicity in chat and found that shoot and root biomass of big bluestem and switchgrass were not affected by metal concentration in chat. They reported that there was little indication of metal phytotoxicity. However, results from our study indicated that Dearing amendments reduced shoot yields, and Zn phytotoxicity is one possible cause. Shoot relative yields at 100 and 150 g kg Ϫ1 were less than in the control, although the differences were not statistically significant.
Chaney [5] reported that most economic crops suffer significant yield reduction when foliar Zn exceeds 500 mg kg Ϫ1 on a dry-weight basis. Although data are limited for native species, grasses generally tolerate more foliar Zn than do most economic crops [1] . In our study, shoot Zn concentrations in 10 and 20 g kg Ϫ1 of Dearing and chat mixtures and 10 mg Zn kg Ϫ1 as ZnSO 4 treatments were Ͻ360 mg kg Ϫ1 and did differ from control, with no difference among them (Table 3 ). The highest shoot Zn concentration (2,187 mg kg Ϫ1 ) was with 100 mg Zn kg Ϫ1 as ZnSO 4 . Levy et al. [1] reported that the highest shoot Zn concentration in big bluestem and switchgrass were 254 mg kg Ϫ1 and 841 mg kg Ϫ1 , respectively. Based on literature values, the tissue Zn concentrations found in this study suggest phytotoxicity.
Plant Ca:Zn ratios also can be used as an indicator of the presence of Zn toxicity. Parker et al. [24] reported that a leaf Ca:Zn ratio Ͻ50 in peanuts (Arachis hypogaea L.) was the critical level for Zn toxicity. Similarly, a leaf Ca:Zn ratio in peanuts was used by Rhoads et al. [25, 26] as a diagnostic tool, with a Ca:Zn ratio of 50 to 65 reported as a critical level for Zn toxicity. However, Davis and Parker [7] found that Zn toxicity symptoms occurred when shoot Ca:Zn ratios in peanuts were Ͻ35. Although there has not been much research on Zn toxicity in grasses, it is reported that grasses may tolerate a C E ϭ effective concentration. Fig. 9 . The relationship between water-soluble Zn and CaCl 2 -extractable Zn.
a much lower Ca:Zn ratio than peanuts or other agronomic crops [5] . In our study, shoot Ca:Zn ratios were Ͻ32 for plants growing in all amendments except the control (Table 3) . On the basis of literature values, the Ca:Zn ratio suggests Zn toxicity in sorghum-sudan grass.
Zinc concentration measured by DGT
Data illustrate a wide range of Zn phytoavailability was created by Zn sources (Fig. 4) . Increasing total Zn concentrations increased C E , and the r 2 values were 0.82, 0.93, and 0.95 for amendments of sand with Dearing, chat, and ZnSO 4 , respectively. The slopes of these lines differed depending on the soil amendments, but the slope for ZnSO 4 was steeper than for the other soil amendments. One reason might be the high water solubility of ZnSO 4 compared with other soil amendments. Although the slope of chat amendment was greater than the Dearing amendment, total Zn concentrations in Dearing mixtures were the highest, compared with other soil amendments. Mineralogy plays an important role on solubility of minerals. Our X-ray diffraction data showed that Dearing had willemite, whereas chat had sphalerite as common Zn minerals. The solubility of willemite is less than that of sphalerite [27] . Moreover, the cation exchange capacity and organic matter content of Dearing were greater than those of chat, and the higher adsorptive capacity may act to reduce C E .
The correlation between C E and shoot or root Zn concentrations for all Zn sources was strong (Fig. 5) . The r 2 values were 0.80 for root Zn concentration and 0.89 for shoot Zn concentration. Zhang et al. [9] evaluated DGT for Cu and reported a strong relationship between C E and Cu in plant with a r 2 value of 0.98. The relationship between the CaCl 2 -extractable Zn and plant Zn concentration was as strong as the relationship between C E and plant Zn concentration (Fig. 6 ). The r 2 values of the CaCl 2 -extractable Zn and plant Zn concentration were 0.92 for roots and 0.83 for shoots. The relationship between water-soluble Zn and plant Zn concentration also was strong, with the r 2 values of 0.77 for shoots and 0.71 for roots. McBride et al. [8] reported an r 2 value of 0.56 between CaCl 2 -extractable Zn and Zn in clover.
The C E correlated well with both water-soluble Zn and CaCl 2 -extractable Zn with r 2 values of 0.98 and 0.84, respectively (Figs. 7 and 8) . The water-soluble Zn also correlated with CaCl 2 -extractable Zn, with an r 2 value of 0.83 (Fig. 9) . Two points are heavily influencing the correlation, however, and without these points the r 2 value dropped to 0.29. These results indicated that DGT, water-soluble Zn, and CaCl 2 extraction methods are viable options for assessing Zn phytoavailability. Zhang et al. [9] studied the relationship between DGT, Cu 2ϩ activity in soil solution, EDTA extraction, and soilsolution concentrations. They reported that plant concentrations were related linearly and highly correlated with C E but were nonlinear and more scattered with respect to free Cu 2ϩ activity, EDTA extraction, and soil-solution concentrations.
Although DGT has been used to predict metal availability for Cu, there have not been any studies to evaluate DGT for Zn. A critical value for 90% of the control yield was chosen as an indirect indicator of Zn toxicity. Critical values for DGT Zn, CaCl 2 -extractable Zn, plant tissue (shoot) Zn, and Ca:Zn ratios were similar statistically across the three Zn sources (Table 5) . Therefore, the performance of DGT, CaCl 2 extraction, and Ca:Zn ratio for assessing Zn phytoavailability were similar.
CONCLUSION
In general, increasing Zn concentration in the sand mixtures increased Zn adsorption by DGT and decreased the plant biomass yield. A critical value for 90% of the control yield was chosen as an indicator of Zn toxicity. Critical values for DGT Zn, CaCl 2 -extractable Zn, plant tissue Zn, and Ca:Zn ratios were similar statistically across the three Zn sources. The performance of DGT and CaCl 2 extraction for assessing Zn phytoavailability was similar. Data indicate that Zn phytotoxicity can be induced with mine wastes, and further evaluation is Zinc phytoavailability by diffusive gradients in thin films Environ. Toxicol. Chem. 24, 2005 941 needed to establish a link between mine waste and Zn phytotoxicity. In addition, further evaluation of the use of DGT to determine Zn phytoavailability in soil systems is warranted.
